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Air-to-refrigerant microchannel heat exchangers (MCHXs) are now being used in the heating, ventilation, air-
conditioning and refrigeration (HVAC&R) industry. The previous research and development of MCHXs has reached 
a plateau, in that, the optimum designs cannot be further improved with the limited number of geometry related design 
variables currently available. The ever-evolving simulation and manufacturing capabilities have given engineers new 
opportunities in pursuing complex and cost-efficient novel heat exchanger designs. Recently, microchannel heat 
exchanger designs with variable tubes, ports and fins have been proposed. Such designs adopt variable tube and fin 
geometry within the heat exchanger core. Adaptive geometry refers to the changes in tube and port dimensions, 
changes in fin type and fin density in various sections of the heat exchanger core. The locations of individual tubes 
and fins can also vary, especially in multi-slab configurations. The goals of this new concept are heat transfer 
enhancement, material savings and fulfilling special design and application requirements. This paper presents studies 
on the design optimization of variable geometry MCHXs based on a validated simulation tool. The optimization study 
investigates an R134a condenser a CO2 gas cooler in air-conditioning systems. The objective of the study is to evaluate 
the potential cost and performance benefits of variable geometry microchannel heat exchangers compared to 
traditional fixed geometry microchannel heat exchangers used today. The optimization objectives are performance 
enhancement and cost reduction. Condenser designs generally consist of two sections, a main section and a sub-cooler 
section. The majority of the condensing capacity is contributed by the main section whereas the sub-cooler section 
ensures that the outlet refrigerant is fully sub-cooled. Conventional sub-cooler section has excess tubes and fins due 
to pressure drop and manufacturing constraints. The new variable geometry design can significantly lower the material 
cost in the sub-cooler section while maintaining certain refrigerant pressure drop. The optimization study shows a 30 
percent reduction in material and 40 percent savings in envelope volume for a variable geometry gas cooler for the 
same performance compared to a baseline standard geometry design. The optimization study reveals the potential of 




MCHXs are favored in HVAC&R applications due to their compactness, high heat transfer efficiency and potential 
for refrigerant charge reduction. Conventional geometry MCHXs (CG-MCHX) designs are restricted to have uniform 
geometry such that only one tube type, one fin type and one microchannel port type exist in one heat exchanger. The 
CG-MCHX design is presented in Figure 1. Huang et al., (2014) extended the MCHX modeling capability to handle 
variable geometry MCHX (VG-MCHX) designs. The newly proposed adaptive geometry designs aim at achieving 
the best performance or the most suitable design. The flexibility of proposed VG-MCHX design is illustrated in Figure 
2, but is not limited to this configuration. There are several geometric parameters can be varied within a VG-MCHX, 
such as tube width, tube height, fin type, fin height, fin density, port type and port dimensions. The adaptive geometry 
can be developed to mitigate a certain detrimental effects like mal-distribution, to enhance performance and to reduce 





1.1 In-tube heat transfer and pressure drop 
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Extensive experimental studies of in-tube heat transfer and pressure drop along with the developed correlations can 
result in a better understanding of the port design. In most MCHX applications, there are multiple flow passes with 
varying number of tubes, resulting in variable refrigerant mass flux. A proper port design for each tube pass can lead 
to a better balance between the maximization of heat transfer and minimization of pressure drop.  
 
1.2 Air flow mal-distribution 
Air-side mal-distribution on heat exchanger face is one practical problem in almost all heat exchanger applications. 
Several experimental studies have been carried out to map the velocity distribution on coil face (Kirby et al., 1988, 
Aganda et al., 2000). Numerically, similar work (Yashar et al., 2011) has been conducted using Computational Fluid 
Dynamics (CFD). The air flow mal-distribution is one of the causes of refrigerant side mal-distribution. It essentially 
leads to un-desired approach temperature distribution and thus performance degradation. The model used in the current 
study (Huang et al., 2014) as well as many previous heat exchanger models support air side velocity profile input. To 
reduce the mal-distribution effect, the fin type, fin height and fin density can be properly altered for different sections 
of the MCHX. The new designs with variable fin geometry can reduce the air-side resistance and air flow mal-
distribution while maintaining acceptable pressure drop. 
 
1.3 Refrigerant flow mal-distribution  
Muller and Chiou (1988) summarized four types of refrigerant flow mal-distribution: mechanical design of headers 
and the inlet connecting tubes; self-induced flow mal-distribution caused by the heat transfer process; refrigerant phase 
separation in headers; fouling and corrosion. To minimize the header-to-tube refrigerant flow mal-distribution, cross-
section areas of each tube can be adjusted for a better balance of mass flux and frictional pressure drop in tubes. There 
is no previous literature that studied the refrigerant distribution into different ports within a tube. Since the air inlet 
state is different from the first port to the last port of a given tube in the air flow direction, the heat transfer difference 
from air to different ports would also cause refrigerant-side maldistribution. An adaptive port size profile can improve 
the refrigerant flow distribution in two-dimensions, from tube to tube and from port to port. 
 
1.4 Heat conduction through fins 
The negative impact of tube-to-tube conduction due to temperature difference has been studied numerically and 
experimentally for tube-fin heat exchangers. The typical solution is to cut the fin between tube banks such that this 
effect is eliminated in air flow direction. Although there are several models in the literature that account for MCHX 
fin conduction (Asinari et al., 2004; Martinez-Ballester et al., 2013a, 2013b; Ren et al., 2013), there is no discussion 
about this effect and the solution in actual MCHX applications. In the case of MCHXs, the depth is typically very 
small in the air flow direction. For multi-slab MCHX applications, the fin is generally not continuous between each 
slabs. Thus, fin cut between slabs is not necessary. Multi-pass MCHX is a common practice in most of the MCHX 
designs. Refrigerant merges into the intermediate header from the tubes in the upstream pass, mixes, and is then 
distributed into the downstream pass. The neighboring tubes between the two passes would have the largest surface 
temperature difference. In this case, either a traditional fin cut can be performed or a sparse fin density can be applied 
between the two tubes to minimize the fin conduction effect. 
 
1.5 Material saving 
Counter flow arrangement is the most commonly used arrangement in heat exchanger designs. The purpose of such 
design is to maintain a certain heat transfer potential throughout the entire HX. Even with counter flow configuration, 
there are still certain sections within an MCHX that are oversized. In other words, there is potential for achieving the 
same performance with lower heat transfer area. Also, for specific designs, such as condenser, the last pass normally 
serves as a sub-cooler to make sure that the refrigerant flowing out is always in liquid phase. Smaller tube size and 
less fins can be used in these sections to achieve material savings.  
 
1.6 Design Requirements 
Ling et al., (2013) presented a separate sensible and latent cooling system for residential applications. A four-bank 
microchannel condenser is used in the design. The outlet air through the de-superheating region of first bank is 
supplied to desiccant wheel for regeneration purpose. Different from the traditional inline configuration, the first bank 
is located separately from the other three banks. Huang et al., (2014) was used in the prototype design process to 
simulate such arrangement. Also, the superheated region has a dedicated suction fan. The air velocity difference on 
the heat exchanger surface was also accounted for. It should also be mentioned that, the radiator and condenser 
arrangement in automotive applications is a common design that has different sizes of MCHXs in the air flow 
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direction. The model developed by the authors can be used to optimize the relative location and size of the different 
heat exchangers. 
 
The authors summarized several potential VG- MCHX applications above based on literature review and general 
knowledge of MCHX designs. The VG-MCHX modeling tool proposed by Huang et al., (2014) has been validated 
against 227 experimental data points including eight different fluids, and eighteen MCHX geometries for both 
condensers and gas coolers, including four different variable geometry microchannel condensers. Huang et al., (2014) 
gave a 13kW R134a variable geometry condenser design example. The variable geometry condenser example uses 
12% less material than the conventional geometry baseline case by removing the redundant material in the sub-cooler 
section.  
 
The objective of this paper is to evaluate and optimize an automotive R134a condenser and a CO2 gas cooler using 
variable geometry concept. A Multi-objective Genetic Algorithm (MOGA) available in the Thermal Systems 
Integration and Optimization Platform (Aute and Radermacher, 2014) is used as the optimizer in the presented study. 
 
 
Figure 1: Standard configuration MCHX 
 
 
Figure 2: Variable geometry MCHX 
 
2. R134a CONDENSER OPTIMIZATION 
Eisele (2012) conducted an experimental study of an automotive secondary loop air conditioning system. The 
microchannel condenser used in this study was cut open to measure the port dimensions for validation purposes. The 
original design is taken as the baseline in the optimization study. Five experimental data points are validated using 
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Huang et al., (2014) VG-MCHX model prior to the optimization study. The selected correlations are presented in 
Table 1. The comparison between measured capacity and simulated capacity is shown in Figure 3. 
 
Table 1: Summary of selected heat transfer and pressure drop correlations 
 
Heat transfer coefficient   
Air-side Chang & Wang (1997) 
Two-phase region Shah (1979) 
Single-phase region Gnielinski (1976) 
Frictional pressure drop   
Air-side Chang & Wang (1997) 
Two-phase region Homogeneous (Thome, 2006) 




Figure 3: Model validation for a conventional geometry R134a condenser 
 
As the model is validated against experimental data, one of the validated data point is selected to conduct the 
optimization study. Two different scenarios of airflow distribution are considered, uniform airflow and non-uniform 
airflow. A top-bottom velocity distribution profile is used where the top tubes of the MCHX has the highest air flow 




Figure 4: Top-bottom velocity distribution profile 
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The optimization problem formulation is shown below. The objectives are to minimize material mass and to maximize 
capacity. There are constrains on the capacity, refrigerant side pressure drop, material mass and heat exchanger 
envelope volume. The baseline MCHX’s material mass is 2.17 [kg] with envelope volume of 4170 [cm3]. Under 
uniform airflow condition, the heat exchanger’s capacity is 2446 [W] with refrigerant pressure drop of 8.89 [kPa]. 









Refrigerant pressure drop 9 [kPa]
Material mass 2.3 [kg]




   
 
The baseline R134a condenser geometry parameters and the range of design variables used in the optimization are 
presented in Table 2. Noted that the pass configuration in the current optimization problem is considered as a discrete 
variable. 
 
Table 2: Design variables of R134a microchannel condenser. 
 
 Baseline Lower Limit Upper Limit 
Vertical Spacing [mm] 10.89 6 20 
Fins Per Inch 17 12 27 
Port Count 10 5 20 
Port Height [mm] 1.24 0.3 2 
Port Width [mm] 0.77 0.3 2 
1st Pass [%] 37 30 70 
2nd Pass [%] 32 10 40 
3rd Pass [%] 17 10 30 
4th Pass [%] 14 10 25 
 
Using the baseline design, we first conducted a design optimization with the conventional standard geometry concept. 
In this way, the potential of the conventional MCHX is explored. Huang et al., (2014) VG-MCHX model allows each 
tube and the associated fin to have their own geometric parameters. The microchannel port design can be varied as 
well. In the presented study, we limited the flexibility on a per-pass basis such that the geometry of tube, fin and port 
are the same within the same pass. In another words, this 4 pass MCHX can have 4 different tubes, fins and ports. 
Figure 5 shows the comparison between baseline, conventional geometry optimum solutions and the variable 
geometry solutions. Different design concepts are represented by different symbols. The shading of the symbols 
indicates the relative face areas between the designs. The size of the symbols represents the relative envelope volumes. 
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Figure 5: Optimization results of R134a condenser under uniform airflow 
 
As shown in Figure 5, in terms of material mass consumption, the variable geometry designs always has less material 
mass as compared to the conventional geometry designs with the same capacities, by 5-10%. As indicated by the 
shading of the symbols, the face area of the variable geometry designs is significantly less than the optimum designs 
of conventional MCHX. The maximum material mass and envelope volume savings found in the variable geometry 
designs are 24% and 38% respectively, over the baseline design. In most heat exchanger optimization studies, the 
design objectives are improved, however, there are tradeoffs in other aspects as well. The comparison between a 
variable geometry optimized design example and the baseline design is shown in Table 3. It can be seen that, with the 
same capacity, the optimized design has significant reduction in the material mass, envelope volume and face area. 
The air-side pressure drop is reported as the worst case scenario pressure drop (i.e. the pressure drop at the highest 
flow resistance section within the VG-MCHX). The air-side pressure drop of variable geometry design, however, 
suffers a 24% increase. 
 
Table 3: Comparison of baseline and optimized R134a variable geometry condenser design 
 
 Baseline Optimized Design 
Capacity [W] 2446 2453 (+0.3%) 
Refrigerant pressure drop [kPa] 8.9 8.5 (-5%) 
Air side pressure drop [Pa] 14 17.32 (+24%) 
Material mass [kg] 2.17 1.66 (-24%) 
Envelope volume [cm3] 4177 2713 (-35%) 
Face Area [cm2] 2457 2110 (-14%) 
 
Figure 6 shows the optimization results for R134a condenser designs under non-uniform airflow. It can be seen that, 
under non-uniform airflow, the variable geometry design optimum solutions pushed the Pareto solution much further 
as compared to the conventional designs. This is because the variable geometry design adapts the airflow configuration 
in this case for been able to have 4 different geometric combinations in the 4 different passes. As compared to the 
baseline case, the variable geometry designs show material saving potential of 19% and envelope volume saving 
potential of 34%. 
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Figure 6: Optimization results of R134a condenser under non-uniform airflow 
 
3. CO2 GAS COOLER OPTIMIZATION 
 
The CO2 gas cooler studied by Yin et al., (2001) is taken as the baseline in the gas cooler optimization study. Forty-
seven experimental data points are validated using Huang et al., (2014) VG-MCHX model and one of the testing 
conditions is selected in the presented optimization study. The selected correlations are presented in Table 4. The 
comparison between measured capacity and simulated capacity is as shown in Figure 7. 
 
Table 4: Summary of selected heat transfer and pressure drop correlations 
 
Heat transfer coefficient   
Air-side Chang & Wang (1997) 
Supercritical region Liao & Zhao (2002) 
Frictional pressure drop   
Air-side Chang & Wang (1997) 




Figure 7: Capacity validation of conventional geometry CO2 gas cooler 
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As shown below, the two objectives of the optimization problem are capacity and heat exchanger material mass are. 
The optimization study is subjected to the constrains of capacity, refrigerant side pressure drop, material mass and 
heat exchanger envelope volume. Similar to prior R134a optimization study, the design optimization is conducted 










Refrigerant pressure drop<120 [kPa]
Material mass<2 [kg]
Envelope volume<3300 [cm ]
   
 
The baseline values for the design variables and their limits for optimization are tabulated in Table 5. The 
microchannel port is circular port in this case. In both design optimization studies, the distance between microchannels 
and the distances between the microchannel and the tube surface are kept the same as the baseline cases. 
 
Table 5: Design variables of CO2 microchannel gas cooler. 
 
 Baseline Lower Limit Upper Limit 
Vertical Spacing [mm] 10.51 6 20 
Fins Per Inch 22 12 27 
Port Count 11 5 20 
Port Diameter[mm] 0.79 0.3 2 
1st Pass [%] 38 35 45 
2nd Pass [%] 32 30 35 
3rd Pass [%] 30 20 30 
 
As shown in Figure 8, the baseline design falls on the Pareto solutions of conventional geometry designs. This 
indicates that the baseline case was optimized in the original coil design process. The Pareto solutions of conventional 
geometry designs are grouped into five clouds. This is due to the fact that the pass configuration is considered as the 
discrete variable in the study. Each solution cloud represents a set of similar designs with the same pass configuration. 
However, the Pareto solutions of variable geometry designs are continuous because such design is adaptive to different 
pass configurations. For each pass configuration, there is always a best combination of design variables that optimizes 
both objectives. Comparing the two sets of optimum designs, the variable geometry designs generally require at least 
10% less materials than the conventional geometry designs. Comparing to the baseline case, under the constraints 
specified in this problem, the maximum material saving is 30%. The envelope volume saving is up to 40%. 
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Figure 8: Optimization results of CO2 gas cooler under uniform airflow 
 
One of the best material saving examples is tabulated and compared to the baseline design in Table 6. With a minor 
performance degradation and an increase in face area, the optimized design achieved 23% reduction in material mass 
and 28% savings in envelope volume. 
 
Table 6: Comparison of baseline and optimized CO2 variable geometry gas cooler design 
 
 Baseline Optimized Design 
Capacity [W] 5828 5716 (-1.9%) 
Refrigerant pressure drop [kPa] 110 114 (+4%) 
Air side pressure drop [Pa] 22.5 12.83 (-43%) 
Material mass [kg] 1.89 1.45 (-23%) 
Envelope volume [cm3] 3295 2376 (-28%) 
Face Area [cm2] 1995 2098 (+5%) 
 
Figure 9 presents the CO2 gas cooler optimization results under non-uniform airflow scenario. Similar to previous 
findings in R134a condenser optimization, the variable geometry designs adapt to the airflow non-uniformity and 
showed much more advantage comparing to the best conventional geometry designs. Compared to the baseline, the 




Figure 9: Optimization results of CO2 gas cooler under non-uniform airflow 
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This paper presented the concept of variable geometry microchannel heat exchanger designs. The motivations for the 
use of variable geometry designs are discussed, including heat transfer enhancement and pressure drop reduction, air 
and refrigerant mal-distribution minimization, heat conduction effect minimization, material saving as well as special 
design requirements. An R134a automotive condenser and a CO2 gas cooler are validated and optimized in this 
research. The material and envelope saving potential are revealed under both uniform airflow case and non-uniform 
airflow case. For both applications and for both airflow scenarios, the variable geometry design shows clear advantage 
compared to the conventional designs.  The maximum material savings and envelope volume savings found in this 
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